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I \ Abstract: As part of a programme for the general study of the low-energy impli- 

Q \ cations of supersymmetry breaking in brane-world scenarios, we study the nonlinear 

\ realization of supersymmetry which occurs when breaking = 2 to = 1 su- 

\ pergravity. We consider three explicit realizations of this supersymmetry breaking 

^ \ pattern, which correspond to breaking by one brane, by one antibrane or by two (or 

\ more) parallel branes. We derive the minimal field content, the effective action and 

supersymmetry transformation rules for the resulting A^ = 1 theory perturbatively 
in powers of k = 1/ Mpianck- We show that the way the massive gravitino and spin-1 
fields assemble into A^ = 1 multiplets implies the existence of direct brane-brane 
contact interactions at order This result is contrary to the 0{k^) predicted by 

the sequestering scenario but in agreement with recent work of Anisimov et al. Our 
low-energy approach is model independent and is a first step towards determining 
the low-energy implications of more realistic brane models which completely break 
all supersymmetries. 
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1. Introduction 

String theory is our most promising theory of physics at the highest energies, and 
predicts that the world is supersymmetric at a very fundamental level. Unfortunately, 
it does not yet seem to unambiguously predict how this supersymmetry gets broken 
as it must be in order to make contact with the low-energy world of present-day 
experiments. An understanding of supersymmetry breaking in string theory appears 
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to be a crucial prerequisite for bringing string theory into the mainstream of physical 
thought. 

The discovery of D-branes introduced a fundamentally new mechanism for 
supersymmetry breaking in string theory, since each D-brane typically breaks half 
of the supersymmetries of the theory. This mechanism differs from others which are 
usually considered when model building with supersymmetric field theories, in that 
it evades an old no-go theorem |^ which was thought to rule out the possibility 
of partially breaking an extended supersymmetry. 

Having the branes themselves break supersymmetry is a particularly appealing 
picture within a brane-world scenario, for several reasons. 

• If the lowest-energy supersymmetry is broken on a brane which is physically 
separated from the brane on which all observed particles are trapped, then we 
have a natural realization of the hidden-sector models which have been long 
recognized as being of great phenomenological interest. Since the interbrane 
couplings are generically of gravitational strength, the supersymmetry breaking 
scale is naturally much smaller than the string scale, potentially allowing a novel 
understanding of the origin of the electroweak hierarchy [^. 

• 'Realistic' string models having low-energy spectra which contain the known 
Standard Model fields have been constructed , for which all observed particles 
are trapped on a brane and supersymmetry is broken purely by the configura- 
tion of branes considered. 

• A framework where supersymmetry partially breaks on distant branes, with the 
news of this breaking reaching us only through a bulk space which has more 
supersymmetry than does our brane, has the potential of alleviating some of the 
naturalness problems which usually plague supersymmetry breaking. Although 
the consequences of the extra bulk supersymmetries have not yet been explored 
for the flavor problem of supersymmetry breaking, it has been argued to have 
the potential to help with the cosmological constant problem ||^. 

In addition to having a bulk sector which enjoys extended supersymmetry, an- 
other very interesting brane-based mechanism has been proposed for suppressing, 
within supersymmetric models, the direct couplings between fields which live on 
different branes which are separated from one another in the extra dimensions. Ac- 
cording to this mechanism, called sequestering [0 , the combination of locality in the 
extra dimensions with N = 1 supersymmetry in 4 dimensions suppresses the cou- 
plings between fields which live on different branes. For instance, it is proposed that 
the Kahler potential, -ft'tot, for the total 4D low-energy theory describing a two-brane 
configuration, has the form 

exp = -P + -P ^- ' (1-1) 
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where Ki and K2 are the Kahler functions describing the 4D supergravity separately 
on each of the branes. Here k"^ = SttG = 1/Mp is the 4D gravitational coupling 
constant. If true, this remarkable formula would strongly constrain the kinds of direct 
couplings which could arise between brane fields, allowing other induced couplings - 
such as anomaly-mediated interactions [|^ || - to dominate. 

The authors of ref. examined this sequestered form in various specific string 
compactifications, and found that it was not generically satisfied in the string vacua 
examined. The failure of this form was traced by these authors either to the exchange 
of various bulk supergravity modes, or to the warping of the compact dimensions. 

In this paper we perform a complementary study of sequestering, by directly 
examining the implications of both the unbroken and the nonlinearly-realized super- 
symmetries for the low-energy 4D effective action for any brane model which spon- 
taneously breaks N = 2 supersymmetry to = 1 supersymmetry. We show that 
the way the massive gravitino and spin-1 fields assemble into = 1 supersymmetry 
multiplets implies the existence of direct brane-brane contact interactions already at 
0{k), in conflict with the O(k^) size which would be predicted by eq. In this 

way we show that the failure of the sequestered form is quite robust, and cannot 
hold in any brane configuration which breaks N = 2 supersymmetry down to = 1. 
We believe it to be an open question whether sequestering can occur in realistic 
brane-world models, and we discuss some evidence that it might require additional 
supersymmetries in the concluding section. 

More generally, our investigation can be seen as a first step towards the study of 
the low-energy limit of more realistic models for which supersymmetry is completely 
broken by brane configurations situated within bulk spacetimes enjoying extended 
supersymmetries. Indeed this is our prime motivation for embarking on this pro- 
gramme, and we consider it as the natural next step in this direction. In particular, 
if brane supersymmetry breaking is to play a role in solving naturalness problems at 
low energies, it should be possible to understand how this is done purely within the 
effective theory below the compactification scale, within which all the information 
about brane separations has already been integrated out. For this reason we cast 
our discussion completely in terms of how supersymmetry is realized within the low- 
energy four- dimensional theory. (For recent discussions of supersymmetry breaking 
in the brane-world scenario from a more microscopic perspective see, for instance, 

BO 

The questions which such a study of low-energy supersymmetry breaking could 
hope to address include: finding the effective scale of mass sphttings within supermul- 
tiplets, as compared to the string and compactification scales; the structure of soft- 
and hard-breaking interactions, with a comparison with the standard F- and D-term 
breaking in more standard supergravity-mediated models; the consequences of ex- 
tended supersymmetries for gauge- and anomaly-mediated supersymmetry breaking; 
the relative suppression of the remnant value of the cosmological constant as com- 
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pared to the scale of multiplet splitting. (First steps along some of these lines have 
been made for 5D theories, such as by establishing the connection between F-term 
supersymmetry breaking in the low-energy theory and Scherk-Schwarz supersymme- 



try breaking in microscopic brane models A proper study of all of these issues 



lies at the core of any understanding of the phenomenological implications of D-brane 
models. 

Our presentation is organized as follows. First we describe how the low-energy 
states associated with the gravitini are organized in a model which breaks N = 2 
supersymmetry down to = 1 in four spacetime dimensions. The generalization of 
this result to an antibrane is also briefly described. We then extend this analysis to 
the case where more than two branes participate in breaking the one supersymmetry, 
and so implying that the would-be Goldstone modes are a mixture of fields which 
arise on the two branes. In this case we show how the assembly of states into su- 
permultiplets of the unbroken = 1 supersymmetry require the existence of direct 
brane couplings at 0{k). Our conclusions are briefly summarized in the final section. 
A warning about notation: we present our results using the 4-component spinor no- 
tation which is commonly used outside of the supersymmetry community. However, 
for the benefit of the reader we also present in an appendix a dictionary which makes 
the explicit connection with two-component Weyl-spinor notation. Further technical 
details on transformation rules for massive spin 3/2 and spin 1 are presented in a 
second appendix. 



2. The Single Brane 

Imagine now any configuration of branes within a higher-dimensional spacetime that 
is compactified to fiat four dimensions, for which a 4D N = 2 supersymmetry is un- 
broken. Suppose also that the brane configuration breaks this N = 2 supersymmetry. 



leaving an A^ = 1 supersymmetry unbroken |T2 . 

Our purpose in this section is to describe the universal part of the low-energy 
limit of such a configuration, focussing on those very low energy degrees of free- 
dom whose mass is well below the model's compactification scale E <C 1/r. The 
goal is to identify general features of the 4D effective theory defined after all of the 
extra-dimensional physics is integrated out, to see how the supersymmetry-breaking 
pattern is realized in the low-energy theory |1^ . Our analysis closely follows the 



pioneering work of ref. fT^, although we do find a few minor corrections to some of 



the results found in that paper. 



Following ref. [Q, we obtain the low-energy theory by using the following two 



properties which the spectrum of any such brane construction enjoys. 

• First, the spectrum necessarily involves two spin-3/2 gravitini. One of these 
is massless (for the unbroken supersymmetry) while the other is massive (for 
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the broken supersymmetry) . Although massive, this second gravitino is nev- 
ertheless within the low-energy theory because its mass can be well below the 
compactification scale, 1/r. 

• Second, the unbroken supersymmetry organizes these two gravitini into = 1 
supermultiplets, with the massless gravitino being paired with the graviton 
and the massive gravitino combining with two massive spin-1 and one massive 
spin-1/2 particle into a massive = 1 spin-3/2 multiplet. 



The strategy is to identify the brane and bulk degrees of freedom by writing down 
the lagrangian for these two gravitino multiplets, and then unHiggsing the massive 
spin-1 and spin-3/2 fields to identify the would-be Goldstone modes which are 
eaten to produce these massive states. 



2.1 The Massive A^ = 1 Spin 3/2 Multiplet 

Our starting point is the free lagrangian for a massive spin-3/2 multiplet in A^ = 1 
global supersymmetry. This multiplet must contain two massive spin-1 {Am = (^m + 
iBm)/V^) and one massive spin-1/2 particle {Q as well as the massive spin-3/2 field 
(rim)- Its free action may therefore be written: 

fn 777 

- y Vml-'^'Vu - A-Al, - - CC, (2.1) 

where Am.n = dm An — On Am Satisfies e'^"'P'^dnApq = 0. In our conventions the 
fermionic fields, ( and 1]^, are chosen to be Majorana spinors. The freedom to 
rescale the fields has been used to put all kinetic terms into canonical form. 

As is easily verified, this action enjoys an invariance with respect to the following 
global supersymmetry transformations [|T3|: 

2 — 2 /— \ 

6 Am = V2{ri^-i^e) + -^{ClmlLs) - -^^^^ V^^V ' ^'^''^^ 

1 2m 

1 fV2.^ 2V2m . „ \ 2^2 . 

lLSr]m = —dm — vA*67"''7ie + A7 7^^ ^^mn7 7^^ 

m \ 6 3 13 

^\/2 .„h r, 2\f2m ,^ 

+^en^na6X''7"7«^ - ^^"*7mn7.^ + -^A^ml^e, 2.4 
D 3 3 

where e denotes the Majorana supersymmetry transformation parameter. 
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2.2 UnHiggsing the Massive Spin-3/2 Multiple! 



The transformation laws, ( |2.2| ), appear to be singular in the massless limit, m ^ 0. 
This is an artifact of our use of massive fields in this expression — which amounts 
to the use of unitary gauge for the broken supersymmetry and the broken gauge 
invariance. The apparent singularity is removed by unHiggsing this system: that 
is, by switching to a more convenient gauge by explicitly identifying the would- 
be Goldstone modes whose consumption produced the massive spin-1 and spin-3/2 
fields. On general grounds such a transformation is always possible [|16|, [l^, despite 
the apparent lack of gauge invariance of the system. 

To perform the unHiggsing we shift the fields Am and rjm to expose the eaten 
scalar, 0, and the eaten goldstino, ^, as follows: 



A 



A' 



A 

1l 



drr 



m 



Vm H + CJm^ 

m 



[2.5) 
[2.Q) 



The complex constants a, b, c are determined by requiring that the transformation 
does not generate off-diagonal kinetic terms in the lagrangian which mix r/^ and ^, 
or Am and 0, and by requiring the new fields and ^ to have canonical kinetic terms. 
These requirements are satisfied by the choice a = 1, b = 2i/\/6 and c = i/V^, and 
so we have: 



A' 



1 



Am dm^t 

m 



m 



I 

Vm 



2i i 
vom VD 



(2.7) 
(2.8) 



The second equality in the first line of these equations defines the scalar covariant 
derivative Vm4> = dm<P ~ f^Am- 

With these choices the lagrangian, eq. ( p.l| ), becomes: 



(2.9) 



We next define the supersymmetry transformations for the new fields and 
^. This is done by partitioning the supersymmetry transformations of A!^ and 7]'^ 
amongst the fields Am, 0, and ^ in such a way as to ensure that there are no 
terms proportional to 1/m. For this gives: 



iV2 



^11 



(2.10) 
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which states that the left-handed part of the combination 

X=-^(-^75C-v^0, (2.11) 

transforms with with the standard form for Sip of a left-chiral multiplet [|18|. The 
orthogonal combination we define as 

A=-^(-v^C-*750- (2.12) 

We similarly choose the transformation rules for ^ to ensure the absence of 1/m 
terms in drjm- We find we must choose: 

= - ^ K^nl'^'^'lLe + ^VmH'^^ne. (2.13) 
in which case A and x transform according to: 

7^5x = -^v^^^m0 7"'7«^, (2.14) 

7.'5A = -^^;,„7'""7.^. (2.15) 

Notice that Am does not appear in 5x and that cj) drops out of 5\. This amounts to 
the statement that x and (j) form a standard = 1 chiral multiplet and A and 
form an = 1 gauge multiplet. 

With these choices we may also write down the transformation law for Am and 
?7m. They are: 

(50 = 2A/2e7iX, 

7.'5A = - i ^:;,„7"^"7.^ (2.16) 

8 Am = V2 "n^J^e + S'JmlR^ 
iJVm = - --^^;;„7"7i?£ - V2 VmCf)* IlS. 

where = Amn — ^^mnabA""^. The lagrangian in these variables becomes: 

^ = - ^e™fj^757n9,r/, - \aI,^A^- - - \m " ^^rn^*^^'"^ 

- y ^m7""^n - y XX + i^rn A75X + im W5l'^X - ^ Vml""^- 

(2.17) 

Notice that both the transformations, eq. ( p.l6| ), and lagrangian density, eq. (|2.17| ), 
now have perfectly smooth limits as m — > 0. Notice also that the fermion mass terms 
also have the usual form, with no diagonal gaugino-gaugino pieces, but only x ~ ^ 
mixing plus a x mass term. 
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2.3 The Nonlinearly Realized Supersymmetry 

We may now identify the second, nonhnearly-realized, supersymmetry of the action, 
eq. ( |2.17| ). Since the argument closely parallels that of the nonlinearly- realized in- 
ternal U{1) X f/(l) gauge invariance of the massive spin-1 particles, we first examine 
this simpler case. 

The nonlinearly-realized U{1) x U{1) gauge invariance simply expresses the fact 
that the two complex fields Am and (p only enter the lagrangian through the single 
combination A'^ = Am — dm(p/m The symmetry therefore is 



5(f) = muj{x), SAm = dmUJ, (2.18) 

where the transformation parameter, u, is normalized to ensure 6Am transforms in 
a conventional way. 

The nonlinearly-realized supersymmetry transformation similarly expresses the 
fact that the fields ^ and rjm only appear through the single combination r]'^. Adopt- 
ing a conventional normalization for the transformation parameter we therefore have 
the second supersymmetry of eq. ( |2.17|) : 

m ^ 2 ^ m , ^ 

5i= 75^, 5rim = -dmr] -fmV- (2-19) 

This transformation rule for ^ implies x and A transform according to 

SX = ^ V, Sx = 75^/. 2.20 

K K 

No other fields transform (to this order in k) under this supersymmetry. 
2.4 Coupling to = 1 Supergravity 

Given the globally supersymmetric action just described, we may immediately write 
down the coupling to the massless spin-3/2 and spin-2 fields. This is accomplished 
using standard methods by coupling to = 1 supergravity. Our interest in what 
follows is only in those couplings which arise at lowest order in powers of k. 

The fields in the gravity multiplet are the vierbein, Cm", and massless gravitino, 
ipm- The lagrangian density for these fields is: 

= - ^ - ^ e™^™757ni^pV'„ (2.21) 

which is invariant with respect to the local supersymmetry transformation: 

2 

Sem"" = KE'J^iJm, = " ^m^, (2.22) 

K 

where DmS = dm£+\ujm'^''lab£- The spin connection, a;^"*, contains gravitino torsion 
at order k^, but this is negligible to the order in k to which we work in C In what 
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follows we may therefore treat Dm as if it had no torsion terms, allowing us to treat 
the vierbein and Dirac matrices as if they were covariantly constant. As usual we 
denote the vierbein determinant by e = det(em"). 

The Noether prescription |jl9[ can be used to obtain leading order couplings 
between the massless (2, |) multiplet and the massive (f,l,l,i) multiplet ig. The 
starting point for this method is the observation that any globally supersymmetric 
action transforms under local supersymmetry as: 

6C = e{Dme) f/" + (total derivative), (2.23) 

for some Majorana spinor-vector U"^. The derivative appearing here is covariant 
because we imagine having also already made £ generally covariant by replacing all 
derivatives in the globally supersymmetric action by covariant derivatives. To 0{k^) 
this variation is cancelled by the Noether coupling: = — f c^mf^™! due to the 
0{1/k) variation Sipm = (2/^;) D^S- 

Directly varying the lagrangian density, eq. (|2.17|) , we find: 

6C = (total derivative) + tV2 (D„£7'"7"7«x)^^m0 - ^7"(Z^„^7n7LA) 

+^V2e™"^«?(D^£7n7.^p) 'Dg(f) + e™(D^£7''7n7«^p) + cc. 

We read off from this the supercurrent, U"^, for the massive spin-3/2 multiplet: 

^nU"" = 2^2 (7"7™7«X) ^^n0 - (7n7.A) 

+^^2 e™(7„7.r7p)2^,0 + e^-P'^iY^nluVp) (2.24) 

Here A^n = Amn ± ^^mnpq-AP'^. This givcs the lagrangian to this order to be 
Co + Cf, where Cq contains the kinetic and mass terms: 

^ = - ^ - ^ e-'^^V^757nI^p^, - ^ e™7j„757n/^pr/, 

- - \m - - VmfV"^^ (2.25) 

- J iw'^'Vn) - y XX + iV2m (A75X) + im (r?^757™x) - ^ (^^7"^). 
The 0{n) couplings from the Noether prescription are: 

^ = - ^(^^7«7-7,x) Pn0 + |^r(^™7n7.A) (2.26) 
The last term in this expression can be simplified to become: 

^ = - ^ii^mri'^lnX) -D^ct^ + f ^r(^n^7n7.A) (2.27) 

-e'""^^ V,<P + ^ (V^^7.r/„) A"^- + cc. 
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The action L = Cq + is, by construction, invariant to 0{k^) under the 
unbroken supersymmetry. Invariance to the same order in k with respect to the 
nonhnearly-reahzed supersymmetry is not automatic, however, since £k does not de- 
pend on the fields 0, Am, ^ and 1]^ only through the invariant combinations A'^ and 
7]'^. Furthermore, since the transformation rules, eq. ( p.l9| ), contain terms which are 
0{1/k), the non-invariance of £k already arises at 0{k,^) in 6C We now show that 
this non-invariance may be cancelled by modifying the transformation rules for some 
of the fields at 0{k°)} 

One source of non-invariance is the replacement of ordinary with covariant deriva- 
tives in the globally supersymmetric action and transformation rules for the second 
supersymmetry. This ruins the automatic invariance of the kinetic term for 1]^ to 
this order, since the commutator of the two derivatives acting on t] is proportional to 
the Riemann tensor, and so must cancel the variation of the Einstein term. This re- 
quires us to add an 0{n) term to 5em" involving rjm, to reproduce the cancellation of 
the 0{1/k,) terms which occurs between the Einstein term and the ipm kinetic term. 
The new transformation for the vierbein is then symmetric in the two gravitini: 

Sem"" = K (e^^m + vYVm) . (2.28) 

In order to cancel the other 0{k^) terms in 6C we try the following ansatz, which 
is the most general consistent with Lorentz invariance, dimensional analysis and the 
Uii{l) symmetry: 

5 Am = (SoldAm) + ai i^mlLV) (2-29) 

S(f) = (5oid0) + as (^m7"'7fl^)- 

The constants ai, are to be chosen to ensure invariance of C up to The 
choice which does so is: 

Oi = y/2, 02 = 0, as = —=, = —\/2, 05 = 0. (2.30) 

v2 

The combined supersymmetry transformations then are: 

7^5X = -^V2Vm^ (7"7«^) - 2ifx^{^,v) 
iJX = -\A*mSl'^-i,e) + V2^^\^,^) 

5 Am = e-^mlRX^ + \/2 {r]mlLe - ^mlLV) (2-31) 



^It is with the addition of these terms that our results differ from those of ref. [ p^ . 
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2 

K 

2 1 _ r- 

iJipm = -D^ij^e) + — = ^^„(7"7fl^) + V 2 V^cp {-f^r]) 

K V2 



m I ■ 



where = m/ k. 

Eqs. (|2.25|) , (p.27|) and (|2.31|) are the main results of this section, and are generic 
to the low-energy limit of any brane configuration for which supersymmetry is par- 
tially broken from = 2 to = 1 in four dimensions. 

2.5 Bulk - Brane Split 

Before proceeding, for later purposes it is worth splitting the fields into two categories 
which, microscopically, correspond to those which live on a brane and those which 
live in the bulk. This split can be made macroscopically by separating out that part 
of the lagrangian which enjoys unbroken N = 2 supersymmetry, and assigning this 
to the bulk. 

In order to do so in the present instance we assign to the bulk the members 
of the massless N = 2 supergravity multiplet: {e°m, V'm, "/^m, -Bm}- The bulk action 
consists of those terms considered previously which depend only on these fields, and 
which do not depend on the supersymmetry-breaking scale m (or yu). Keeping in 
mind Am = (^m + 'iBm)/\/2, we find: 



^ {ij^lnVn) + C.C. 



(2.32) 



Eq. ( p.32| ) is invariant under the restriction of the supersymmetry transforma- 
tions to these fields, which we call the bulk part of the transformations: 

2 i 

iL^BTIm = - Dmi-fLV) " ^ ^mnil'^lR^) (2-33) 

2 i 

iL^B^m = -DrailLs) + - 5„„(7"7«r7) 



m I ■ 



All of the remaining terms in the action and supersymmetry transformations we 
lump together as the brane contributions, and so are given to this order in k, by 

fi, 1 1 1_ m 

= - - AmnA"^- - -xPx - - Vm<P*V^ct> - - (rj„7"^>n) 
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- Y (XX) + iV2m (A75X) + im (r?^757"x) - ^ (^m7"A) (2.34) 

"71^'""'' (^m7n7.^p) ^^,0 + f (?„.7«r?n) + CC. 

and 

7l(^6X 

^JbVm 

3. The Single Antibrane 

Before moving on to a multi-brane example, we first pause to ask how tfie above 
construction changes if it is performed for a single antibrane rather than a single 
brane. 

3.1 The Brane - Antibrane Map 

Rather than performing the construction again from scratch, we instead directly 
write down the result based on the following two observations. 

• First, if a brane breaks exactly half of the supersymmetries of the bulk space of 
a theory, then typically its antibrane leaves these supersymmetries unbroken, 
but breaks the other half of the supersymmetries. 

• Second, in explicit microscopic constructions an antibrane configuration may 
often be simply obtained from a brane construction by performing a parity 
transformation on the brane world-volume. 

There are several ways to see the origin of the world- volume parity transforma- 
tion. For instance, in four spacetime dimensions the simplest field theory realization 
of a brane-hke defect might be the vortex configuration of the abelian Higgs model. 



= iV2£:7iX, 

= -iV2Vm(l) (7'"7«£) - 2^/i'(7Lr/) 
= -^-4;„(7™"7.£) + V^/^'(7.^) 

= (^7mA) + iv^e - i^ran) (2-35) 

= ^ (£7m75A) 

= \ ^mn(7"7«r/) + \/2 Vm(t) [IlT]) 

= 0. 



which is characterized by the nonzero magnetic flux which threads the vortex. The 
antivortex of this theory has the opposite magnetic flux, and is obtained simply by 
rotating the vortex 180° about an axis perpendicular to the vortex. The effect of such 
a rotation is simply to reverse the spatial coordinate along the vortex. Alternatively, 
a similar argument applies if branes and antibranes are distinguished by how they 
couple to antisymmetric tensors, -Bmi,m2,. -; which generically are proportional to f B 
over the brane's world volume. The result follows because this coupling changes sign 
if we reverse the brane's orientation — iehj a. world-volume parity transformation. 

These arguments indicate that the antibrane and brane actions should be obtain- 
able from one another by performing a combination of a 4D parity transformation 
and an interchange of the roles of the two supersymmetries. 

The same conclusion may also be drawn directly from the point of view of the 
4D N = 2 supersymmetry algebra. In this algebra, the quantity which distinguishes 
a brane from an antibrane is the algebra's central charge, Z. This enters the 4D 
N = 2 commutation relation through 

{Q^, Qj} = ~2t-fmP'^5ij + ^75 Zeij (3.1) 

where i,j = 1,2 labels the two supersymmetries, and e^j is the completely antisym- 
metric tensor. From eq. ( p.l|) it is clear that the effect of a parity transformation on 
the supersymmetry algebra is precisely the same as the effect of reversing the sign 
of the central charge. 

Notice that the combined operation of parity plus an interchange of the two 
supersymmetries leaves the algebra, eq. (p.l|), unchanged. It is straightforward to 
check that it also does not change the bulk part of the action and supersymmetry 
transformations, as these are defined in the previous section. The same is not true for 
the brane parts of the action or supersymmetry transformations, due to the property 
that the brane action realizes one of the supersymmetries linearly and the other 
nonlinearly. 

A good first start is therefore to define the antibrane action and supersym- 
metry transformations by performing a parity transformation and supersymmetry 
interchange to the corresponding quantities for the brane. Actually, these two trans- 
formations alone would imply that the complex scalar, 0, would become the super- 
symmetry partner of the right-handed (rather than the usual left-handed) fermion, 
so it is also convenient to replace 0—^0* and x ~* ~X when passing from brane 
to antibrane. This ensures that the matter transformations remain in their stan- 
dard form. As is straightforward to check, the antibrane action which results from 
these replacements is automatically invariant under the antibrane supersymmetry 
transformation rules which result. 

The pure bulk part of the action and supersymmetry transformations are un- 
changed by the combined action of parity and supersymmetry interchange, and so 
are given by eqs. ( 2.32 ) and ( |2.33| ). The antibrane action and transformations are 
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directly obtained by performing a parity transformation and interchanging the fields 
as discussed above. Keeping in mind that parity changes the sign of 75 and e"*"-P*, 
and interchanges 7^ 7^ and we get in this way: 

r~ ^ 1 1 _ _ _ m — 

e 4 2 2 2 

'yy^ TTT- 

- Y (^^) +i^rn (A75X) + im (V'„757'"x) - (^^7"^). 
+^(77^7"7"^7.X) ^n0* + ^^!?"(^„.7n7HA) (3.2) 

where (because of the change 0^0*) we have for antibranes 

~ TTl 

T^mfl^ = dm<P -mA*^ = d^(j) - --j= {A^ - i B^) . (3.3) 
The antibrane part of the supersymmetry transformations similarly becomes 

= iy2fj7^x, 
iJbX = -iV2 Vm(t) (Y'^lnV) - 2^m'(7l£) 
iJbX = - ^^,nn(7'""7.^) + V2/x2(7,£) 

5bBm ^ (^7m75A) 

iLSbVm = + ^ A-„(7"7«£) + V2 P„0 (7^£) 



SbCm" = 0. 



^ A^„(7"7«r?) - V2 Vm<p* M - {imluS) 



4. Two Branes 

Next consider how the above construction changes when there is more than one 
brane. We imagine that both of the branes break the same supersymmetry, and 
leave the same supersymmetry unbroken. What we expect to happen in this case 
would be that the bulk gravitino which is broken acquires its mass by mixing with 
a linear combination of the would-be Goldstone fermions on the two branes. The 
examination of this system allows us to see the extent to which the two branes can 
remain decoupled — or sequestered — from one another. 

The minimal low-energy theory of the two brane configuration may be con- 
structed by an unHiggsing process, much as was done for the single brane. The 
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reason for this can be seen by counting the particle content for the two-brane sys- 
tem. As can be seen from the one brane system, each brane contributes at least a 
4D N = 1 chiral multiplet, (0, x), and a gauge multiplet, (A,A^). For two branes 
the low-energy theory contains two of each of these multiplets. The additional fields 
have precisely the content to fill out a single massive N — 1 spin-1 supermultiplet, 
which has the particle content (l, |, |, O). The massive spin-3/2 field and the three 
massive vector fields therefore combine with the scalar and spin- 1/2 fields into a 
massive = 1 spin-3/2 multiplet and a massive N — 1 spin-1 multiplet. 

Although the physical spectrum for the two-brane configuration is a massless 
A^ = 1 spin (2, 1) multiplet, a massive A^ = 1 spin (|, 1, 1, |) multiplet, and a massive 
A^ = 1 spin (l, |, |,0) multiplet, we must still identify which linear combination of 
brane and bulk fields combines to form the mass eigenstates. We may do so by 
unHiggsing the two massive multiplets as was done above for the one-brane case. 

4.1 The Massive Spin-1 Multiplet 

To proceed we pause here to record the lagrangian density and global supersymmetry 
transformations for the massive A^ = 1 spin-1 multiplet. We can then unHiggs it, 
and rotate to a 'brane' basis, in which the lagrangian and transformation rules look 
as much as possible like the sum of terms from two identical branes. 

Consider therefore a massive A^ = 1 multiplet with spin content (l, i, i, O), with 
the corresponding fields denoted by {A^, a, P, If the particle masses are denoted 
by V, then the free lagrangian density is: 

- ^ A^A"^ -^-{aa + M - ^ (4.1) 

As is shown in Appendix B, this action is invariant with respect to the global 
supersymmetry transformations: 

Sip = £7i(/5 + ia) + c.c. 
v2 

= - ^ (7"^7k£) [dmV + ivA^\ (4.2) 

iiV 1 

- ^ VilLS) - ^ ^mn(7'""7.£) 



5 — ~dr, 



1 

)y 2 



1 

+ --^£7m7i(/^ -ia) + c.c. 



It also shows convenient to define the new (canonically normalized Majorana) 
fermions X = (/3 + ^750;) / and \ — {(5 — i'y^a) / -\/2, which have more conventional 



- 15 - 



transformation rules. With these choices we have: 



(5v9 = e7iX + c.c. 



6Am 



(4.3) 



-d„ 



- {^lX) 
V 



+ iieimlLy^) + c.c. 



This result may be unHiggsed by shifting = — ^ dmC, and requiring all 1/v 
terms to vanish as a result. We find the unHiggsed lagrangian is 



r — A Ar^ 

'~'v ^ ^mn^ 



(4.4) 



where VmO' - 
Writing 



dm(y - vAm- 

= (cr + iip) I \pl we have the supersymmetry transformations 



5A^, 



-^v^(7"7«^) 



9^0- -^Ar. 



-</>*)(7.^) + o ^™n(7'""7.^) 



«(^7m7i-^) + c.c. = 2e7m75A 



(4.5) 



9„ 



V2 



These transformation rules suggest the definition D^' 
4.2 The Two-Brane System 

We now couple the spin-3/2 and spin-1 supermultiplets to the massless spin-2 multi- 
plet of unbroken N = 1 supergravity. We imagine that the branes are identical, and 
so contribute equally to the breaking of the broken supersymmetry. 

To this end, we take the bulk matter content to be {e°m, i^m, Vm, Bm}, and sup- 
plement this with two copies of the brane matter: {Am, A, x, 0} and {A'^, A', x', 0'}- 
In general these fields combine into a massive spin-3/2 multiplet plus a massive 
spin-1 multiplet, whose masses need not be equal. We consider the case where both 
multiplets have the same mass, which we denote by m. 

Under these assumptions the brane lagrangian is given by the following expres- 
sion when written in terms of mass eigenstates: C = Cb + '^2b, where £b is the bulk 
lagrangian given earlier, eq. ( |2.32| ). The brane part of the action is the sum of the 
massive spin-3/2 and spin-1 lagrangians: £26 = -^3/2 + £1, where 



3/2 



1 
4 



- A 4™" 
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(4.6) 



and 



where 



2 

-m(x'A')+ (4.7) 

V^<P = d^<P- {A^ + tBj, V^<P' = d^<j)' - A'^. (4.8) 

Both C3/2 and Ci have the supersymmetries we have worked out, with the fields 
in C3/2 transforming as in eqs. ( |2.35| ) and those in Ci transforming as in eqs. ( |4.5| ). We 
wish to now rotate the matter multiplets to a brane basis, for which the massless hmit 
is nonsingular and the two brane contributions look similar to one another. Since we 
assume both branes contribute equally to the breaking of the supersymmetry, we can 
assume a symmetry under their interchange, and so we can assume that the required 
rotation between the brane states and the mass eigenstates is through 45 degrees. 
We therefore take: 

with 

ce se\ 1/1 1 



;:j-^(_, J (4.10) 



where cg = cos 6 and sq = sin 6. 
Notice if we define: 



TTi ( % \ vn ( % 



then we also have: 



(4.11) 

The brane action is obtained by inserting this rotation into the above lagrangian, 
and the supersymmetries are similarly found by using this rotation in the known 
supersymmetry transformations. In this way we find £26 = i^bi + i^b2 + -^^6162 with: 

+^ {W^rxi) - ^ iw-'Xi) - J iVm^'-Vn) (4.13) 



(XiXi) + 2xi(l-^v^75)Ai 
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(XiX2) - + iV2j5)X2 - X2(l + 75)Ai 



and Cb2 obtained from this by replacing 1 — > 2 everywhere. The direct brane-brane 
mixing terms are: 

2 

m 

Cbib2 = - — (0i-0n(02-0;) (4.14) 
m 
~ ~2 

The supersymmetry transformation laws are similarly obtained by substitution 
of the field rotation into those rules which were previously derived. One finds the 
brane-field-dependent part of the bulk-field transformation laws to be 

SbBm = 2 ^7m75(Al + A2) 
iJbVm = - ^ (^mn + ^D(7"7«^) (4.15) 

Tfi 

-{Vm<j)*i + T>m<l)*2) (IlS) ImiriRn) 

K 

iMra = ^ {Al^n + ^L) (7^7^^) + (^^m01 + ^^m02) (IlV) 
SbCm" = 0. 

The transformations of the brane fields become: 



4^2 



tV2) Al„ + (1 + tV2) Al, - tV2Bmn\ (7™"7l£ 



7771 777 

+—=(01 - 02 - 01 + <P;){l.e) + - il.v) (4.16) 
2 V 2 

^^In = ^^^7m(l + «V2 75)Ai + ^^£7^(1 -iy2 75)A2 

with the transformation rule for brane-2 fields obtained by making the substitutions 
1 2 in these expressions. 

4.3 Noether Coupling to Two Branes 

The couplings to supergravity which arise from the Noether prescription are again 
easily identified. Starting with the massive spin-1 multiplet, eq. ([4.7|), inserting 
covariant derivatives throughout and following the derivatives of the supersymmetry 
parameter in the variation of the action, one finds: 

^ = ^ ^ml'^l.X' (0' - + f ?^7n7.A' 

+ ^ V^^7^'"7.X' + c.c. . (4.17) 
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This, when combined with eq. ( |2.27 ), gives the complete 0{k) Noether couphngs for 
the two brane system. 



Substitution of the rotations of eq. ( |0| ) into these expressions gives them in 
terms of the brane fields 0i, 02 etc.. Once this is done it is clear that terms arise at 
0{k,) which contribute to the direct couplings between fields arising on each brane. 

5. Conclusions 

We have studied the form of the low-energy action for brane configurations which 
partially break 4D N = 2 supersymmetry down to 4D = 1 supersymmetry. Our 
focus has been on those fields which are necessarily present in this kind of symmetry 
breaking pattern, because they are required in order to fill out the required N = 
1 supersymmetry multiplets which contain the massive spin-3/2 and spin-1 fields 
which arise. We have seen how the linear realization of one supersymmetry and the 
nonlinear realization of the other strongly constrain the form the resulting low-energy 
action can take. 

In particular, our analysis allows us to address the sequestering conjecture of 
ref. 0, in which a strong decoupling of the degrees of freedom on two supersymmet- 
ric branes is proposed. We can test a part of the sequestered form for the Kahler 
potential, eq. ( |1 . 1|) , since this implies that the terms which directly mix the chi- 
ral multiplets of the two branes arise for the first time at O(k^) in the effective 
lagrangian. 

We find that this kind of sequestered decoupling is not satisfied by the degrees 
of freedom we follow in the low-energy theory, since direct brane-brane contact cou- 
plings arise already at 0{k), as may be seen from eq. (|4.14|) if we use the natu- 



ral relation m = Kfi"^ to see that m itself is 0{k,) relative to the size, /x^, of the 
supersymmetry-breaking order parameter. A similar conclusion follows from an in- 
spection of the Noether couplings for two branes. 

These findings complement and reinforce those of ref. |^, who examined the 
couplings between branes in specific types of string theory compactifications for which 
direct brane-brane couplings are explicitly calculable and attributable to exchanges 
of bulk supergravity fields, or to the warping of the internal compact dimensions. 
The present analysis shows that these contact terms do not depend on the details of 
these compactifications, but follow quite robustly from the assumed 4D pattern of 
partial supersymmetry breaking. 

The phenomenological appeal of low-energy sequestering for circumventing the 
flavor problems of low-energy supersymmetry breaking makes the continued search 
for models with sequestered sectors well worthwhile. Our results show that any 
such system cannot be obtained simply by coupling additional fields which do not 
participate in the diagonalization of the gravitino masses. Instead a more radical 
change is required, and it may be that what is required is a supersymmetry-breaking 
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pattern within which a larger extended supersymmetry is partially broken, such as 
perhaps N = 4 breaking to iV = 2. Some evidence that this might be the case can 
be found from the expression of these extended supersymmetries in terms of = 1 
superfields which are often suggestive of sequestering. 

Our techniques can clearly be extended to the complete breaking of = 2 su- 
persymmetry, such as is obtained by combining the supersymmetry breaking of one 
brane with that of an antibrane. In such a system we naturally expect that the full 
N = 2 supersymmetry will be nonlinearly realized, and the challenge is to find what 
additional constraints distinguish the resulting low-energy theory from a generic non- 
sup ersymmetric model. We see the present work as providing the first step towards 
this more ambitious project of studying the low-energy implications of supersym- 
metry breaking in the brane world. This is of particular relevance given the fact 
that there are explicit constructions of D-brane models for which either supersym- 
metry is broken by brane /antibrane systems, or in intersecting brane models where 
different intersecting branes break different supersjTumetries, whereas the bulk pre- 
serves higher supersymmetries. This kind of 'non-local' realization of supersymmetry 
breaking by many branes in a supersymmetric bulk was proposed in [^] as a way to 
ameliorate the cosmological constant problem, and has been recently constructed 
in intersecting D-brane models where it was called quasi-supersymmetry (Q- 
SUSY). It is clearly of great interest to study the low-energy limits of these models 
and uncover whether the brane constructions lead to new low-energy mechanisms for 
keeping parameters naturally small. We hope to report on some of these issues in 
future publications. 
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A. Conventions 

Since supersymmetric calculations tend to be finicky, and since conventions vary 
across the supersymmetry literature, we spell out our conventions in detail in this 
appendix. 
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A.l Majorana spinor formalism 

We use Majorana spinors throughout, with 4-component gamma matrices. The 



notation closely follows that of Weinberg's textbook [|18| — with the exception of 



the sign we use for the gravitino mass term — and is similar to that used in West's 



book |22]. In particular we use Weinberg's curvature conventions, which differ by 



an overall minus sign from the curvature conventions of West and of Misner, Thorne 



and Wheeler 23 



Basic Definitions 

metric: 77""" = diag(- + ++) 

epsilon tensor: e"^^"^ = —60123 = 1 
en^np.e'""'^' = -2 {515\ - e^„p,e'"'^''^ = - {d^dldl ± 5 perms) 

Dual Tensors: tmn = -(^mnabt"'^ 

(Anti) Selfdual Tensors: t^" = t™" ± ^e'""'^^t„5 = t™" ± t'"" = ±t!^" 

Dirac matrices: {7"^, 7"} = 277"^" 

Commutator: 7"^" = ^ [7™, 7"] 

1, . 1, s 

Projectors: 7^, = -(1 + 75), 7^ = 2 ^ ^s) 

Flat-Space Dirac Identities 

— — 1. PI 

757mn 2^"^"J"?7 

e"^"'^S57a6 = 2i 7"^" 
^m^np {jlmn^p "Qmp'~in) 'i^mnpg'~f5'y'^ 
'^np'~^m {j]mn'~1p Tlmp'~1n) ~\~ '^^^mripq') bl'^ 

'~1m'~1n'~1p ''ImTlnp ~l~ '~1p"Qmn ^nVmp ~l~ '^^mnpq'~1b'~1 
'ymn'Jpg ^vriq^np ^mp^nq ^'fb^mnpg '^mp^nq Vnp'fmq '^nq^mp '^mq^np 
\~)mni 7pg] 2 ( f]mp'~1nq ~\~ f]np'~)mq Tlnq'~^mp ~\~ f]mq'~)np) 
'[7m,n) 7p(;}" 2 (j]mgVnp VmpVnq ~l~ ^'^b^mnpq) 
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Lorentz Transformations 



Lorentz Generators: 4-vectors: 5Vm = -uj"'^{Jab)m^yn = ^m^Vn 

This implies for 4 vectors: {Jab)rJ' = -i {VamSb - VbmSa) 
This fixes the Lorentz Commutators: [Jab, Jed] = —iVbcJmd ± permutations 

Spinor Lorentz generators: dip = -uj""^ J abi^ Jab = — -lab 

i 1 
Spinor Covariant Derivative: Dm^l^ = dmip + -u^Jabip = dmip + -^ujm"'^iab'4' 

i 1 

Curvature Commutator - spinor: [D^, -Dn]^ = - -Rmn^'^Jab^ = - -^Rmn"'^lab'4^ 
Curvature Commutator - vector: [D^, -D„]lp = Rmn°''^{Jab)p''Vq = Rmnp'^Vq 

Majorana Spinors If x and ip are any Majorana spinors, then: 
Reahty: {xM^T = ±xMip; with + for M = S, V, T and - for M = P, A 
Symmetry: X^"^ = i'^^X! with + for M = S, P, A and — for M = V,T 
A. 2 Weyl spinor formalism 

We would like to show how the results of this article can be translated into the Weyl 



spinor formalism of Wess and Bagger ||2^ . The Weyl spinor components of a Dirac 
4-spinor are defined through 



^ = = ^7^, X = 7fi^- (A.l) 

If is restricted to satisfy a Majorana condition, then x = ^. In this case, \& can 
be written as 

^a=f^"') r=(^^, (A.2) 



a 



where a = {a, a) is a 4-spinor index. Similarly, the 7-matrices can be split into 
blocks of (T-matrices: 

= " '"'")°'^ (y»») ' = -2 f ° I (A3) 



To make contact with the notation of [T^, we define two Weyl spinor gravitini 
^(1)^ ^(2) through 
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The chiral rotation of the second gravitino was necessary because we have chosen 
an unconventional sign for the gravitino mass term in our lagrangians. Similarly, we 
define the Weyl spinor supersymmetry transformation parameters ri^^\ rj^'^'^ through 



^{i)J' ^ = ^^5 (^^(2) J- (A.5) 
The Weyl spinor Goldstino z/ is defined by 

1/ = -'Jnt (A.6) 

In this section, we denote by x, A the Weyl spinor components of the Majorana 
spinors C, x, A in the main text, ie, we replace 

7i?C C, IrX X, 7flA A. (A.7) 

Finally, we replace 

Am-^^A„,, (t)^i^. (A.8) 
v2 



In this notation the unHiggsed massive gravitino lagrangian (|2.9|) reads 



-m (^L^V'""^!^) + ^^L'^a'"^ + + ^CC + h.c. ) , (A.9) 

where Tran = d[mAn] and Vm(p = dm<P - -^An- 
The corresponding transformation laws are 

2i 



Z % / — 



6r,C = + y|p^0a"^r/ (A.IO) 

The Noether coupling of the massive gravitino lagrangian to supergravity yields 
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V2 V 2 



+^6^^-^»^(^-)/r + ^-c-, (A.ii) 

which is the Weyl spinor expression of the lagrangian ( p.25D , ( |2.27| ). Here, we defined 

X = -^« + v^z/), A = -^(-v^C-^^)- (A.12) 
The corresponding transformation laws ( p^.31D are 



V2 

(5,x = ^v^fT-D^0# + 2/iV'\ 

5,0 = V2x^^'\ (A.13) 
where one has the relation m = k/i^. 

B. Derivation of Supersymmetry Transformations 

In this Appendix we derive the global supersymmetry transformation rules for the 
massive spin-3/2 and spin-1 multiplets. 

B.l The Massive Spin-3/2 Multiplet 

For the spin-3/2 multiplet we start with the following ansatz for the multiplet's su- 
persymmetry transformation rules, which consists of the most general form permitted 
by Lorentz invariance and dimensional analysis, provided that any 1/m terms are 
pure gauge, so that they do not introduce 1/m terms into 5i2kin- We also require the 
ansatz to be U{1) invariant where Am e*"^^ and 7^5 e*" 7^5. This leads to 
the following form: 

6 Am = Ci(fJ^7ie) + C2(C7m7L^) + —dmiClLSj, 

m \ / 

-fJC = CiAmn i^^'lLe + c^mAm I'^IrS, (B.l) 

iL^rjm = —dm (c6^*f,7''SL£^ + mC7^a7"7fl£:) + CsAmnl''lR£ 
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Demanding 5C = 0, order by order in m gives the conditions: 



C2 = 2c4, C3 = -2c4, C5 = -2cl (B.2) 

coming from those terms in 6C which involve (, and the rest give: 

ci 2c* 2c* zc* ci 2ci 

C6 = C7 = — , C8 = -— , Cg = — , Cio = -— , Cn = — . (B.3) 

The constants ci and C4 are not determined. They could be fixed by closing the 
algebra and asking the translation generated to be normalized in the standard way. 
Instead we choose them by comparing with ref. [14|, with the idea of making contact 
with a conventional form for the transformation laws for a later choice of variables. 



This leads to the choices (keeping in mind that ref. |jT^ does not use canonically 
normalized vector fields): Ci = a/2 and C4 = 1/a/6, giving the result quoted in the 
main text: 

6 Am = V2(j]^-fLe) + -^{(-fmlLs) ^dm((lL£ 

1 2m 

^JC = -^^A*mn r^'lLS -^Am ^InE. (B.4) 

1 (^,, ab 2v^m ^ „ A 2^2 ^ 

iJVm = —dm —Alf,Y -fLe + -^^AaYlae :^Amnl IrS 

m \ b 6 I 6 

Anh n \/2m 2\/2m _ 



6 

B.2 The Massive Spin-1 Multiple! 

As for the spin-3/2 multiplet described above, the global supersymmetry transfor- 
mations for the spin-1 multiplet may be obtained by writing down the most general 
ansatz which is consistent with Lorentz invariance, dimensional analysis and a f/(l) 
symmetry. In this case the U{1) charge is carried by the two fermions, so we suppose 
the combination [3 + ia rotates by e*"^ (which is the way we assume 7^5 also rotates), 
so (3 — ia and 7^5 rotate oppositely. The most general transformation becomes: 

5^ = fiej^lP + ia) + c.c. 
7,5a = -2(7™7i^^) [f2dm^ + hvAJ (B.5) 

+ifiV^{-iLe) + z/5^mn(7"'"7L^) 



5 Am. — dn 



— e7i(/? + ia) 

V 



+ /? £lmlL{l3 - ia) + c.c. 
Invariance of the action (up to total derivatives) then implies the relations 

/l = /2=-/4, /3 = /6=/7, /7 = -2/5*, (B.6) 
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so we can conventionally choose /i and /s to arrange that Lp has the same trans- 
formation rules as does the imaginary part of the scalar in a chiral multiplet. The 
required choice is /i = = - f^ = 1/a/2 and /g = 2 /g = -/g = /y = V a/2, giving: 



^•^ = + ia) + c.c. 

v2 



5A„ 



7! '^^^^^^ ^ 27! ^^'""^^""^^^^ 



(B.7) 



??7 1 



-9„ 



7^2 



£:7i(/3 + ia) 



+ --^£:7m7i(/3 - ia) + c.c. 



This is the form quoted in the main text. 
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